Background: Progressive airway inflammation and susceptibility to the airway colonisation and infection are characteristic for the pathophysiology of chronic obstructive pulmonary disease (COPD). Antimicrobial peptides (AMPs) are central to the function of the innate host immune response against microbial pathogens and are regulators of inflammation and immunity. S100A7/psoriasin, a recently described AMP, is an essential component of the human epithelia against invading pathogens and acts as an effector molecule of the host innate defence in the skin. We hypothesized that S100A7/psoriasin is involved in the airway mucosal immunity and differently regulated and expressed in the lung during progression of COPD.
Background
The human lung serves as the largest interface between the host and the environment, and its immune defenses are critical for survival of the individual. A healthy adult ventilates 16,000 -24,000 times per day on average. As the inhaled air is not sterile, respiratory cells are frequently exposed to airborne microorganisms, including pathogenic bacteria, viruses and fungi. Thus, an effective innate immune system is required to protect the airways and lungs from infection. Polymorphonuclear granulocytes, alveolar macrophages and epithelial cells play an important role in the innate immune response of the lung [1] . Many of the receptors employed by the innate immune system to identify potential pathogens have been characterized [2, 3] . The effector molecules secreted by epithelial cells include cytokines, chemotactic factors as well as a variety of antimicrobial substances [4, 5] . Among these substances are C-type lectins such as SP-A and SP-D [6] , LL37/ CAP-18 [7] , SLPI [8] , and antimicrobial peptides such as β-defensins [9] [10] [11] [12] .
The role of antimicrobial peptides (AMPs) in the innate immune defense mechanisms of human airways and lungs has recently gained more clinical interest [13] . Among a group of recently described antimicrobial peptides that are produced by human epithelial cells, S100A7/psoriasin exhibits very strong antimicrobial activity at low molecular concentrations [14] , which was confirmed by comparing the activity of natural Nacetylated S100A7/psoriasin with that of chemically synthesized N-acetylated S100A7 [15] . S100A7/psoriasin belongs to the S100 family of EFhand calcium-binding proteins which consists of more than 20 members with very distinct functions [16] , ranging from differentiation, cell cycle progression, intracellular Ca 2+ signaling to leukocyte chemotaxis [17, 18] . Chronic obstructive pulmonary disease (COPD) is one of the leading causes of mortality and morbidity worldwide [19] . The clinical hallmark of COPD is chronic bronchitis and emphysema with progressive respiratory tract inflammation and recurrent exacerbations at advanced stages of the disease. Colonization of the respiratory tract with various microorganisms is frequently observed as COPD progresses and most exacerbations are attributed to bacteria or viruses [19] . However, little is known about specific components of innate immunity that play a role in COPD progression. We hypothesized that S100A7/psoriasin involved in the airway mucosal immunity is differently regulated and expressed in the lung during pathogenesis of COPD. Furthermore, an association of S100A7/psoriasin gene expression with positive microbial detection of the respiratory tract was investigated.
Methods

Ethics statement
This study was approved by the Ethic Committee of the Medical Faculty of the University of Lübeck. All study participants provided written informed consent for the collection of bronchial biopsies and BAL fluids.
Patients
Healthy volunteer controls and individuals with stages 1-4 COPD were recruited at the Medical Clinic of the Research Center Borstel, Germany. We followed the guidelines for grading disease severity in COPD of the Deutsche Atemwegsliga and the Deutsche Gesellschaft für Pneumologie (DGP), which is based on the international GOLD classification and defined by an FEV 1 /VC < 70% and FEV 1 < 80% of the predicted value [20, 21] . Following written informed consent bronchoscopy was performed according to national guidelines [22] obtaining bronchial biopsies from the middle lobe carina and BAL fluid with 200-300 ml of normal saline.
BAL fluid and biopsy specimens were collected from ten healthy subjects, two patients with mild COPD (stage 1), 13 patients with moderate COPD (stage 2), 15 patients with severe COPD (stage 3) and four patients with very severe COPD (stage 4). Healthy subjects for bronchoscopy were volunteers with FEV 1 /VC > 70% of the predicted value who were recruited by advertisement on the basis that they did not have signs or symptoms of COPD. Chronic illnesses (e.g. diabetes mellitus, renal insufficiency, HIV-infection) were exclusion criteria for study participant. Body plethysmography was performed using Jaeger MasterScreen 601045. The 6-min walking test (6MWD), arterial blood gas analysis, assessment of the MRC dyspnoea scale and calculation of probability of survival based on BODE score [23] completed the clinical investigations. COPD exacerbations have been defined according to Anthonisen criteria [24] . The basic characteristics of the 34 COPD patients with stages 1-4 and 10 healthy controls are shown in Table 1 .
For the staining of peripheral lung tissue we obtained specimens of lung tissue from surgical specimens that were resected from patients (n = 3) with the diagnosis of bronchogenic carcinoma (informed consent obtained) and routinely diagnosed at the Division of Pneumology at the Research Center Borstel. The specimens used were tumor-free material at least 5 cm away from the tumor front and were fixed then embedded in paraffin using the HOPE (HEPES-glutamic acid buffer mediated organic solvent protection effect) technique [25] .
Detection of microbes in human material
Microbes were detected (BAL fluid, biopsy specimen) following standard laboratory procedures. Human material was inoculated on 5% sheep-blood agar, salt mannitol agar and Tarozzi bouillon for 48 h at 37°C. Subcultures of Tarozzi bouillon followed after 24 h incubation at 37°C to augment detection of bacteria. Pure monocultures of E. coli and S. aureus were subjected to biotyping using automated VITEK 2 biotyping system, the API20E and the ID 32 Staph system (bioMérieux, Marcy l'Etoile, France). S. aureus was additionally identified by their ability to coagulate citrate plasma and to cleave DNA and mannitol. Virochip microarrays used in this study were identical to those previously described [26] . RNA isolated from BAL fluid were amplified and labeled using a modified Round A/B random PCR method and hybridized to the Virochip microarrays as reported previously [26, 27] .
BAL fluid and bronchial biopsies preparation
BAL fluid was centrifuged (at 500 × g for 10 min, 4°C) and the sedimented cells washed twice with PBS (at 500 × g for 5 min, 4°C). Cell viability was assessed with the use of the trypan-blue exclusion method and always above 95%. Bronchial biopsy specimens (two pieces from each study participant) were homogenized with the use of the Pellet Pestle Cordless Motor (Kontes, New Jersey, USA).
Cell culture
NCI-H727 (bronchial epithelial cell line) and A549 (lung epithelial cell line) (both from ATCC, Manassas, VA) were cultured at 37°C and 5% CO 2 in RPMI1640 and DMEM medium, respectively, supplemented with 10% fetal calf serum and 1% of penicillin/streptomycin. For treatments cells were cultured for the time indicated in the presence of 100 ng/ml LPS (from Salmonella enterica, serovar Friedenau, kindly provided by Prof. Dr. H. Brade, Research Center Borstel, Gemany), 50 U/ml IL-1β (Strathmann Biotech GmbH, Germany), or 5 ng/ml recombinant human TNF-α (kindly provided by Prof. Dr. D. Männel, Regensburg, Germany). For controls, only medium supplemented with 10% fetal calf serum and 1% of penicillin/streptomycin was added to the cells. S100A7/psoriasin and CXCL-8 mRNA expression was determined as well as CXCL-8 production using an ELISA (Biosource, Nivelles, Belgium) on cell culture supernatants. Cell staining A549 cells were fixed with 2% paraformaldehyde in PBS for 10 min. Cells were permeabilized with 0.25% Triton X-100 in PBS for 5 min, incubated with the monoclonal antibody to psoriasin/HID5/S100A7 (1:200, clone 
Real-time quantitative PCR
Immunohisto-and Immunocytochemistry
Sections of 4 μm of HOPE-fixed, paraffin-embedded surgical lung specimens were cut, deparaffinized and stained with the psoriasin/HID5/S100A7 antibody (1:500 in PBS). Signals were detected by sequential incubation with biotinylated anti-mouse antibody and peroxidaseconjugated streptavidin reagent (both 3-fold diluted in PBS) by using 3-Amino9-Ethylcarbazole/H 2 O 2 as chromogen (DAKO, Denmark). Counterstain was performed with Mayer's hemalum before visualization of the immunoreactions. NCI-H727 cells were fixed with HOPE technique [26] for 36 h and stained with the Psoriasin/ HID5/S100A7 antibody as described above. Negative controls, where primary antibody was omitted, were included.
Statistical analysis
All results are expressed as mean ± SD or mean ± SEM, whereby each symbol represents a single sample. The one-tailed hypothesis was tested using unpaired t-test from log transformed data. Results S100A7/psoriasin has been shown to be the primary antimicrobial peptide of human skin for the killing of E. coli [14] . However, the expression of S100A7/psoriasin in the airways of human lungs has not been thoroughly investigated before. Thus, we first tried to identify the expression of S100A7/psoriasin mRNA in the human bronchial and lung epithelial cell lines NCI-H727 and A549, respectively. Figure 1 represents S100A7/psoriasin mRNA expression in both cell lines. Although S100A7/ psoriasin is constitutively expressed at low levels, its expression can be further upregulated in keratinocytes upon challenging with proinflammatory cytokines such as IL-1 or TNF-α [14] . To further analyze whether lung epithelial cells could also be stimulated for the induction of an enhanced S100A7/psoriasin expression, we treated the cells with the TLR4 ligand LPS, as well as with the proinflammatory cytokines IL-1β and TNF-α but found that S100A7/psoriasin mRNA expression remained unchanged over at least 20 hours, regardless of the type of stimuli used (Figure 2 , right panels). On the other hand, in NCI-H727 cells all three inflammatory stimuli induced increased CXCL-8 mRNA and protein expression ( Figure 2 , upper left and middle panels), albeit with a longer time course for the protein expression, while in A549 cells LPS, unlike the cytokines, was ineffective with respect to both mRNA and protein (Figure 2 , lower left and middle panels). Showing the same results, whole bacteria preparations from different Gram-negative and Gram-positive bacteria have been used (data not shown).
Since the detection of S100A7/psoriasin mRNA in bronchial and lung epithelial cells may not necessarily reflect the protein expression of S100A7/psoriasin, we used two different approaches to show S100A7/psoriasin protein expression in these cells. First, using immunocytochemistry, we analyzed protein expression Figure 1 Human bronchial and lung epithelial cells express S100A7/psoriasin mRNA. RT-PCR was performed with specific primers for S100A7/psoriasin and PBG-D as an internal control on NCI-H727 and A549 cells. The expected size of PCR products is 248 bp for S100A7/psoriasin and 117 bp for PBG-D. PCR products were separated on 1.5% agarose gel containing ethidium bromide. PCR reaction in absence of cDNA was used as a negative control, plasmid DNA as a positive control, 100-bp ladder as Marker.
in NCI-H727 cells (Figure 3) . Again, we additionally investigated if stimulation of the cells with the TLR4 ligand LPS would alter the S100A7/psoriasin expression. The expression of the nuclear Ki67 antigen with the MIB-1 antibody serves as a positive control ( Figure 3C ). The results clearly show S100A7/psoriasin protein expression in NCI-H727 cells, which appears to be localized in small perinuclear granules ( Figure 3A and 3B) . However, as already seen with S100A7/psoriasin mRNA, the expression level remained unchanged after stimulation ( Figure 3B ). Secondly, to investigate S100A7/psoriasin protein expression in A549 cells, we used confocal microscopy. As can be seen in Figure 4 , S100A7/psoriasin is clearly expressed. Similar to the results obtained with NCI-H727 cells, S100A7/psoriasin expression is strongly concentrated in perinuclear granules ( Figure  4A-C) . In addition, a focal nuclear expression could also be detected.
After the clear evidence that S100A7/psoriasin is expressed in bronchial and lung epithelial cells we set out to investigate if its expression could also be detected in human lung tissue specimens ( Figure 5 ). Indeed, S100A7/psoriasin could be found in alveolar macrophages ( Figure 5B and 5C) as well as in lung epithelial Since S100A7/psoriasin is prominently involved in the antibacterial immune response of the human skin, we hypothesized that S100A7/psoriasin might also play a role in inflammatory responses of the lung in patients with COPD. Comparison of the expression levels of S100A7/ psoriasin mRNA in BAL fluid cells and biopsy samples obtained from healthy individuals to that of patients with stage 1-4 COPD by quantitative real-time PCR did not reveal any significant differences ( Figure 6 ). Variation of S100A7/psoriasin mRNA expression was slightly higher in the COPD group in both BAL fluid cells and biopsy samples. In addition, there was also neither a significant difference of S100A7/psoriasin mRNA expression with respect to disease stages (s. Additional file 1a) nor did we detect any correlation of S100A7/psoriasin mRNA expression with FEV 1 , VC or FEV 1 /VC (s. Additional file 1b). However, the analysis of the correlation of S100A7/psoriasin mRNA expression with cigarette smoking (i.e., pack years; irrespective of health/COPD status) revealed a significant correlation in biopsies (Spearman r = 0.3266, P value = 0.026) but not in BAL fluid cells (Spearman r = 0.2934, P value = 0.0649, s. also Additional file 1c). 5 S100A7/psoriasin is expressed in lung epithelial cells and alveolar macrophages. S100A7/psoriasin immunohistochemical detection was performed on HOPE-fixed, paraffin-embedded lung tissue specimens using the monoclonal Psoriasin/HID5/S100A7 antibody (Imgenex, clone 47C1068). (A and D) negative controls without the primary antibody, (B and C) S100A7/psoriasin staining in alveolar macrophages, (E and F) S100A7/psoriasin staining in lung epithelial cells. Magnification: 100× (A, B) ; 400× (C-F). Results shown are representative of at least three independent experiments.
Andresen
All samples were additionally screened for detection of microbes. When we compared the S100A7/psoriasin mRNA expression in bronchial biopsies on the basis of bacterial detection and regardless of their COPD status, no differences could be seen ( Figure 7A ). However, in BAL fluid cells a significant increased S100A7/psoriasin mRNA level (p = 0.0304) could be found when bacteria had been detected ( Figure 7B ). However, this mRNA level in the bacteria positive group (positive) showed very high variation, ranging from an expression level seen in the pathogen negative group (negative) to up to 100 -1000 fold higher expression. Since many different bacterial species were detected (s. Additional file 2 for a complete table), we could only form three groups for statistical analysis: negative BAL fluid cells without any bacteria detected and two groups, where we found either E. coli or S. aureus. Whereas BAL fluid cells positive for E. coli displayed a similar S100A7/psoriasin mRNA expression level as the control group, BAL fluid cells positive for S. aureus exhibited a significantly higher level of mRNA compared to the control group (p = 0.0005) and the E. coli group (p = 0.0018) ( Figure 7C ). Discussion S100A7/psoriasin has been first identified and isolated from lesional psoriatic skin [28] and has been shown to act as a chemokine for T-cells and polymorphonuclear granulocytes [29] . S100 proteins have been implicated in innate immunity [30] and recently, S100A7/psoriasin has been shown to be the most important factor produced by immune system for the killing of E. coli on human skin [14] . Among the plethora of antimicrobial peptides, defensins and cathelicidins in particular have been shown to be expressed in the human lung (for review see [13] ). However, the expression of S100A7/psoriasin in the human lung has not been thoroughly investigated.
Recently, Bryborn et al. could show that S100A7/psoriasin is one of several proteins found to be downregulated in nasal lavage fluid of allergic patients [31] or in infected tonsils as well as in tonsils from allergic individuals [32] . This connection with allergy has been further substantiated with the association of a S100A7/ psoriasin gene polymorphism with allergic rhinitis [33] . S100A7/psoriasin has also been found in whole saliva of patients with systemic sclerosis and lung involvement [34] . However, a study by Zhang et al., investigating the expression of S100A7/psoriasin in certain lung cancers, did not find any substantial protein expression in normal lung tissue [35] and the recent finding that S100A7/ psoriasin is highly expressed in the tongue may have also been the reason for its detection in whole saliva [36] . In the present study, we clearly demonstrate that S100A7/psoriasin is expressed in human bronchial and lung epithelial cells and cell lines as well as in alveolar macrophages of healthy individuals and patients with COPD at different stages of the disease.
The expression of S100A7/psoriasin was upregulated upon stimulation of human keratinocytes with certain bacteria [37] . Recently, the ligand driving this upregulation has been identified as bacterial Flagellin [38] . After identifying the expression of S100A7/psoriasin mRNA and protein in the human lung epithelial cell lines we sought to determine if the level of expression depends on the activation status of the cells. We used typical activators of innate immune responses such as cytokines (TNF-α or IL-1β) and whole bacteria (data not shown). However, in contrast to keratinocytes, the S100A7/psoriasin mRNA level did not change upon stimulation. The intracellular localization as well as the molecular mechanism of S100A7/psoriasin secretion has not been investigated so far. In both, bronchial and alveolar epithelial cells, S100A7/psoriasin protein was granular and expressed in confined perinuclear compartments. Interestingly, the amount of S100A7/psoriasin expressed appears to be rather high, indicating a potential prominent role of S100A7/psoriasin in the innate response of the bronchial and lung epithelium. This is further substantiated by the immunohistochemical protein staining of S100A7/psoriasin in human lung tissues, since it is particularly expressed in ciliated epithelial cells. In addition, we also show S100A7/psoriasin expression in alveolar macrophages.
In the present study we do not find any significant differences in the expression level of S100A7/psoriasin mRNA, when comparing COPD patients to healthy individuals, where disease in the COPD patients ranged from mild to very severe. This could indicate that S100A7/psoriasin plays only a minor role in chronic pulmonary inflammation in COPD. However, dividing all samples in groups depending on the status of pathogen detection (bacteria, fungi and/or virus), we identified a significant increase of S100A7/psoriasin mRNA in the group where microorganisms were detected in the lower respiratory tract. Although many different pathogens could be identified, most of the pathogens were only found once or twice, precluding any statistical analysis. Two bacterial strains, E. coli and S. aureus, have been detected in five samples each. In contrast to previous observations on the specific antimicrobial effectivity of S100A7/psoriasin in the skin [14] , we found that samples of patients where S. aureus had been detected displayed a significant higher level of S100A/psoriasin mRNA than patients where E. coli has been detected. Moreover, S100A7/psoriasin mRNA levels were not elevated in patients positive for E. coli in their respiratory tract compared to those where no pathogens were detected. As the bactericidal efficiency of S100A7/psoriasin against S. aureus is much lower than against E. coli [14] , these results could indicate that the regular constitutive levels of S100A7/psoriasin expression are sufficient to contain a potential E. coli infection but are inadequate to combat S. aureus.
Conclusions
In summary, we found that S100A7/psoriasin is constitutively expressed in the lower human airways. Depending on bacterial occurrence in general and S. aureus in particular, S100A7/psoriasin is found to be upregulated and thus enhances the epithelial barrier function of the lower respiratory tract upon microbial challenge.
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